Coastal flood assessments are often required to describe networks of flood sources, pathways and receptors. This can be challenging within traditional numerical modelling approaches. In this paper, we assess coastal flood plains as networks of interlinked elements using a Bayesian network (Bn) model. The Bn model describes flood pathways and estimate flood extents for different extreme events and is constructed from a quasi-two-dimensional Source -PathwayReceptor (2D SPR) systems diagram. The Bn model is applied in Teignmouth in the UK, a coastal flood plain of typical complexity. It identifies two key flood pathways and assesses their sensitivity to changes in sea levels, beach widths and coastal defences. The process of 2D SPR and Bn model construction helps identify gaps in flood plain understanding and description. The Bn model quantifies inundation probabilities and facilitates the rapid identification of critical pathways and elements before committing resources to further detailed analysis. The advantages, utility and limitations of the Teignmouth Bn model are discussed. The approach is transferable and can be readily applied in localscale coastal flood plains to obtain a systems-level understanding and inform numerical modelling assumptions.
Introduction
Cities and towns in coastal regions lie at the interface between human, physical and natural systems. As these regions continue to grow in size and population, they are also increasingly exposed to flood damage due to rising sea levels and there are concerns of more intense and frequent storms (McGranahan et al., 2007; Hallegatte et al., 2013; Kron, 2013) . Mitigating the risk of flooding requires consideration of all human, physical and natural elements lying within the coastal flood plain (Hall et al., 2003; Mokrech et al., 2011) .
A typical risk assessment would use a chain of numerical models to assess the magnitude of flood sources, behaviour of flood defences and the extent and characteristics of flood plain inundation. In this chain, the outputs of the first model provide the inputs to the next and so on (Purvis et al., 2008; Zou et al., 2013; Villatoro et al., 2014) . The conceptual models in such an assessment generally describe the flood plain linearly using the popular Source -Pathway -Receptor (SPR) model (Sayers et al., 2002) . Such models reduce the spatial relationships between flood plain elements to the simplest of representations (Figure 1 ). Larger, more complex flood plain systems require more comprehensive descriptions in order to assess the different flood sources, pathways and receptors (Narayan et al., 2012a) .
The quasi-two-dimensional (2D) SPR is another conceptual model that describes the flood plain as a system of spatially distributed and inter-related source, pathway and receptor elements. It provides a comprehensive, qualitative, spatial description of the flood plain. This flood plain description is built by coastal flooding experts and stakeholders in a participative, iterative process of knowledge elicitation and consensus building . The result is a comprehensive system diagram of the flood plain that maps all recognised sources, pathways and receptors of coastal flooding (Figure 2) . The model has been applied successfully in eight European coastal regions as the conceptual model of a larger coastal flood and erosion risk mitigation project . The quasi-2D SPR however stops short of assessing the relative importance or sensitivities of mapped flood pathways. To do this, the role and relationships between different pathways and elements must be quantified (Monbaliu et al., 2014) . Such quantification will require extending the quasi-2D SPR to a network model. Network models, including logical (Boolean) dependency models, fault trees and Bn models, are used to analyse relationships between spatial and non-spatial network variables. Boolean dependency models use logical relationships derived from expert judgement to predict future system behaviour. For instance, Karunarathna and Reeve (2008) and French and Burningham (2011) use Boolean dependency models to predict the geomorphological evolution of a complex estuarine system. Similarly, fault trees are used to construct hierarchical causal chains to investigate the possible pathways to an end result such as, for instance, coastal defence failure (Kortenhaus et al., 2002) . Bn models combine graphical theory and Bayes' probability theory to analyse the propagation of probabilities across a network, conditional on the state and inter-relationships of its nodes. For example, Gutierrez et al. (2011) use a Bn model to predict future shoreline evolution along the Atlantic coast of the United States based on rates of sea-level rise, coastal classification and shoreline retreat. Yates and Le Cozannet (2012) use a Bn model of European coastlines to investigate decadal shoreline evolution in response to sea level and sediment regime changes and find it useful for identifying data and knowledge gaps. den Heijer et al. (2012) use a Bn model to assess the response of barrier islands to extreme storm events.
Bn models are also useful in spatial and non-spatial assessments of flood damage and flood risk. Peng and Zhang (2012) use a Bn model of 15 variables to predict the influence of different factors: hydraulic, topographic, environmental and human on the potential loss of life from a dam break event. The advantage of the Bn model is its ability to account for a large number of different parameters. In another fluvial network analysis, Stewart-Koster et al. (2010) use a Bn model of fluvial flow variables to help optimise investment decisions in flow regulation. In a spatial coastal flood impact assessment, Schultz (2012) uses a Bn model for assessments of operational impacts of storm events on port facilities. The model successfully provides a preliminary overview of the flood sources and pathways that affect port facilities during a storm.
These applications demonstrate the usefulness of Bn models in analysing spatial and non-spatial networks consisting of variables with different properties and relationships. The relationships between variables can be defined using statistical data, qualitative knowledge (i.e. expert judgement), or logical or empirical relationships (Peng and Zhang, 2012; Kelly et al., 2013) . Descriptions of coastal flood plans are often complicated in that they require a range of variables of many data types and a comprehensive set of definitions to estimate flood propagation. Bn models are highly efficient tools for estimating the propagation of node probabilities in large networks. As such, they are a good approach for quantitative network assessments of the coastal flood plains described by the quasi-2D SPR.
This paper discusses the development of a spatially explicit Bn model for rapid, quantitative description and assessment of inundation pathways for coastal flood events. The aim is to provide preliminary quantitative information on these pathways to inform the structure and choice of key assumptions in further numerical modelling efforts. The Bn model uses the Quasi-2D SPR to construct its network and known flow routing relationships to quantify inundation probabilities at the network nodes. The ability of the Bn model to describe flood extents and identify critical elements and inundation pathways is tested by application in an urban coastal flood plain in the UK.
Bayesian network model construction methodology
The first step in building the Bn model is developing its quasi-2D SPR map and system diagram. The process for the Quasi-2D SPR system diagram ( Figure 2 ) is as follows (Narayan, 2014) Narayan et al., 2012b) . If digital elevation data are available, the average height of each flood plain element is determined using GIS. In flood plains with rapidly varying topography, the lowest flood level of interest can be used to limit the size of each element. 4. The flood plain elements are schematised to obtain the quasi-2D SPR systems diagram, with links drawn between any two elements that share a boundary. The Bn model is derived from the quasi-2D SPR system diagram. Each network node, N maps to a corresponding quasi-2D SPR element E and its average height, h is the average height of the element E. A node N is described in terms of its flood state, expressed in the form of a discretised probability distribution whose sum is always 1. Each link in the Bn model network corresponds to a link in the quasi-2D SPR system diagram. The network model is built specifically for inundation analysis, and links between network nodes represent flood routing across the network. A link between two nodes indicates a flow from the upstream node to the downstream node (see Figure 3) . Figure 3 shows estimated flood state probabilities at the flood plain nodes, for an input probability distribution at the 'extreme still water level' (ESWL) node. The flood states of the inland nodes are driven by the probability distribution of the input node ESWL. For each node, the percentage probabilities of each of its states are indicated. Thus, the Beach node has two states, 'flooded' and 'dry' with estimated probabilities of 94.59% (rounded off to 94.60% in Figure 3 ) and 5.41%, respectively. Flood propagation calculations for this illustrative network are described in Eqns (1) to (8) 
In the Bn model, this distribution is discretised into five states. The beach, sea wall and flood plain nodes are Boolean nodes with two states -flooded or dry. The probability of flooding of each of these nodes is conditional on the probability of its input node. To specify their crest heights, the sea wall node uses the constant 'height' , and the beach node uses constants 'slope' and 'width' . The probability of the beach being flooded is determined by the probability that its height is less than the input ESWL and is given by
Similarly, the sea wall is flooded when its height is less than the ESWL,
The flood plain node is assumed to lie below the beach and sea wall nodes in this example and is flooded if at least one of the beach and sea wall nodes is flooded. Thus event F can occur in one of three ways -
Grouping the first two terms on the R.H.S we have
Since the sea wall is higher than the beach in this example
The ESWL node is discretised into five states from 0 to 1. Thus,
and,
From Eqns (5), (6) and (7) and since
Solving Eqn (8) we have, P(F) = 0.054. The state of the node 'flood plain' is an outcome of the combined probability of flooding of 'sea wall' and 'beach' . Since 'beach' lies lower than 'sea wall' in this example, it forms the critical flood pathway.
These relationships are obvious in this example where estimating node probabilities at three nodes and four links is relatively simple. However, this becomes rapidly more complex and difficult as the network grows in size. In such networks, the ability to produce similar simplified insights concerning the inundation pathways will be extremely useful for informing the development of subsequent numerical models. Generally, for a node N in this Bn model,
At the start of the simulation, all flood plain nodes are assumed to be dry. The flood source nodes are used to estimate the flood states of coastline nodes, and these in turn determine the states of downstream nodes. Generally, the flood state of a node N in a network with P nodes is estimated as
P N flooded P Nu flooded h N h Nu
Where, h is the average node height and Nui the upstream node of index i. Different node descriptions may be used depending on land use and node type. For instance, the flood source in the example above is described as a discretised Weibull distribution of water levels. Similar to the node descriptions different node types can make use of different flood propagation rules. For instance, sea walls in the case study are flooded by overtopping (see Table 1 ). A node N also has associated constants that are used by the model in estimating flood propagation. In the example above, the beach has constants 'slope' and 'width' associated with it.
This Bn model is built with the commercially available Netica software (Norsys Software Corp, 2010) that uses a technique known as 'compiling' to optimise the calculation of node probabilities. Repeated calculations on the same network can be performed rapidly and with greatly reduced computational effort (see Norsys Software Corp, 2010 for details), and changes in node values or descriptions can be rapidly updated. The Bn model is now applied to a real coastal flood plain whose network consists of more than 50 nodes and 70 links.
Case study: Teignmouth
The Bn model is constructed for Teignmouth, a historic seaside resort at the mouth of the Teign estuary, Devon, UK ( Figure 4 ). The first step is to construct the quasi-2D SPR for Teignmouth. The inland boundaries for the quasi-2D SPR and the Bn model are the same, i.e. the maximum flood plain extent for a 1 in 1000 year storm surge event for current sea levels which is 3.46 MOD (Halcrow Group, 2011) . This flood plain covers 1 to 2 km 2 and consists of two main flood 'compartments' , one in the town centre and a smaller compartment in the west. The flood plain is bounded by a railway line to the north, the Teignmouth-Shaldon Bridge to the west, the Teign estuary to the south and the open coast to the east. The railway line also divides the central and western flood compartments. Figure 5 shows the land use map defining the quasi-2D SPR elements for Teignmouth. Developing the quasi-2D SPR map and system diagram helped the gathering and structuring of the representation of the Teignmouth flood plain, which forms the basis for constructing the Bn model.
Flooding is assumed to occur from coastal flood sources which directly control water levels in the estuary and along the open coast. The town may also be flooded by fluvial sources in the estuary and pluvial run-off from the steep hillside, but these sources are not considered in this work and they are secondary compared to coastal flooding (Environment Agency, 2012c). The nature of coastal flooding varies according to the location of the flood source. Due to the peninsular feature on which Teignmouth has developed, the town can flood from different directions: the estuary and the open coast. Flooding along the estuarine coastline is dominated by inundation due to tidal flooding, whereas flooding along the open coast is driven mainly by wave overtopping, which is in turn driven by water levels and waves in combination.
The pathways into the flood plain also vary by location. The estuarine coastline along the Back Beach area has been flooded in the past, but is now defended by a new £4 million flood defence scheme incorporating flood gates and walls (Vizard, 2012) . The open coastline is protected by multiple sea wall sections, some of which are accompanied by secondary landward defences (walls or walkways) and fronting beaches. The sea wall protecting the coastal railway line to the north-east was overtopped in the 2014 winter storms (The South West Coast Path, 2014). Some sea wall sections in front of Den Promenade (Figure 4 ) have been overtopped in the past causing the flooding of the central flood plain. The 'Den Promenade' was also closed due to overtopping in one of the 2014 storm events (Guardian Witness, 2014).
The quasi-2D SPR system diagram describes all recognised coastal flood sources and flood plain elements ( Figure 6 ). The model uses data from a digital elevation model to obtain the average elevation of each flood plain element.
The Bn model nodes ( Figure 7 ) have a one-to-one correspondence with the quasi-2D SPR elements. The exception to this is the central Teignmouth flood plain node, which is split in two in the network model to capture possible differences in flooding from open coast and estuarine flood pathways.
The links between nodes are in the direction of flood propagation, i.e. from the flood source, inland. The coastal elements are all linked to a local flood source each in turn linked to an English Channel water level. Flooding at the sea walls and beaches is assumed to be independent of flooding at adjacent coastal nodes, and along-shore links between these are removed. Since beaches can influence overtopping rates at landward sea walls, cross-shore links between the open beaches and sea walls are maintained to describe these influences. The network recognises two flood pathway types -inundation pathways from the estuary and overtopping pathways from the open coast. The central 'Teignmouth' node in the Bn model can be flooded by both pathway types -an overtopping pathway from the open coast via the railway line to the north and an inundation pathway from the estuary via the Back Beach. To capture this difference, the node is split into two: a northern flood plain linked to the railway line and a southern flood plain linked to the Back Beach nodes.
Other than the sea walls, all nodes are considered flooded if they have a water depth greater than 0. A sea wall is considered flooded if overtopping rates exceed 50 l/s/m (based on limits for overtopping for vehicles from EurOtop Manual, 2007). As stated previously, flooding from the estuary is by water level driven inundation and the estuarine coastal nodes are described as either 'dry' or 'flooded' . All inland nodes are similarly described as 'dry' or 'flooded' . A node can be flooded if one or more of its upstream linked nodes are flooded and are at a higher elevation. Though highly unlikely, it is possible that in an extreme case of estuarine flooding, nodes along the open coast can be flooded from the estuarine pathways, and vice versa. This case is however not considered in this paper (see Discussion). The flood source inputs along the estuary are ESWLs. On the open coast, the inputs include the ESWLs, wave heights, wave periods and storm duration.
Flooding from the open coast occurs via overtopping at the sea walls (Table 1) . The sea walls are described by a probability distribution of overtopping rates based on empirical equations (EurOtop Manual, 2007; see Table 1 ). Node parameters such as slope, crest height and elevation are specified as constants based on the most recent coastal engineering reports (Mouchel Parkman, 2008; Halcrow Group, 2011; Royal Haskoning, 2011) . Overtopping at the sea walls is influenced by the width of the beaches in front of them. These widths are in turn influenced by sediment input on the open coast. While there are no publicly available records of long-term beach widths, it is known that beach widths along the open coast are influenced by the availability of external sediment from upstream coastal cliffs and by the sand bank behaviour near the estuary mouth (Royal Haskoning, 2011) . A 'sediment input' node is added (Figure 7 ) that lets the user indicate the availability of sediment along the open coast. For this application, sediment availability is indicated by a choice of beach widths: 0-10 m in the absence of sediment input, and 10-20 m when sediment input is available (see Table 1 ).
The Bn model for Teignmouth is built in only 1-2 days. Subsequent network simulations require a few minutes to be performed. Each simulation randomly samples 500 values at each node to calculate its flood probabilities based on the conditional relationships described in Table 1 . The nodes are classified as dry or flooded according to their flood probabilities and mapped using GIS software.
Bn model results are compared with publicly available flood maps to evaluate the effect of network structure, and node definitions and resolutions. A direct comparison with the UK Environment Agency (EA) Indicative Flood Map (IFM) based on a current 1 in 1000 year flood event is shown in Figure 8 . The EA IFM is obtained with a bath tub model based on a raster Digital Elevation Model (Environment Agency, 2012a) . In the Bn model, a node is considered flooded if it has a non-zero probability of flooding. Both maps are obtained under the assumption that there are no flood defences in place. There is good (93%) agreement in flooded area between the two maps and good spatial agreement in flood extents. The differences illustrate the influence of hydraulic connectivity, node definition and node resolution. The EA IFM shows flooding to the north of the railway line, which does not occur in the Bn model due to the railway line preventing hydraulic connectivity. The Bn model shows more coastal flooding since it explicitly includes beach nodes that are shown as flooded. The Bn model defines the urban flood plain node at the town centre more coarsely than the EA IFM resulting in a larger flood extent.
Nodes with more than two states will also be affected by the choice of discretisation interval (Pearl, 2011) . In this model, all nodes except the sea walls have only two flood states. To evaluate the effect of node discretisation on the sea walls, overtopping rates for one sea wall -'Sea wall 1991' (see Figure 7 ), are compared with rates for a comparable sea wall section and similar hydraulic parameters from an engineering study (Mouchel Parkman, 2008 ; sea wall section 208m39c). The comparison is done for three water levels corresponding to 1 in 100-year water levels in the 2020s, 2050s and 2080s (Table 2 ; water levels from Mouchel Parkman, 2008) . The sea walls are assumed to be vertical, and wave loading is assumed to be impulsive. Wave height and wave period are 4.1 m and 8.5 s, respectively, based on the values reported in Mouchel Parkman (2008) .
Results from the two calculations are compared in Figure 9 . Given that the input parameters and overtopping formulae are the same, no differences are expected. Rather, this comparison demonstrates the ability of the Bn model to account for overtopping. The exercise also illustrates the importance of node discretisation which is discussed later in this paper. Since overtopping rates are sensitive to the input water levels, care was taken to discretise the flood source node states based on the water levels of interest.
Flood pathway analyses
The Bn model is now used to assess the influence of flood pathway changes on flood extents. First, flood extents across the entire flood plain are assessed for current source and pathway conditions, with the new estuarine defences and the open coast sea walls included. Flooding is analysed for multiple ESWLs corresponding to 1 in 10, 1 in 50, 1 in 200 and 1 in 1000-year return period events (Table 3; McMillan et al., 2011) . The wave height and period are maintained constant for all simulations at 50-year return period values of 2 m and 8 s, respectively. Node states are translated to a flood extent map using GIS software (Figure 10) .
The results (Figure 10 ) illustrate the importance of the estuarine flood defences for low-magnitude inundation events and also the vulnerability of the open coast defences to higher magnitude events. The new estuarine defences prevent flooding up to a 1 in 200-year water level, though they are inundated at a 1 in 1000-year water level. The sea walls along the open coast are relatively more vulnerable and start flooding at the 1 in 200-year water level.
Based on these results, a sensitivity analysis of the open coast pathways is done. Though they do not flood under current conditions, combinations of higher water levels and lower beach widths can alter these pathways to cause flooding inland. Indeed, the persistence of storm tracks due to a clustering of storms such as the 2014 winter UK storms (Slingo et al., 2014) could contribute to significant beach lowering and increased vulnerability of the sea walls (Roelvink et al., 2009) . The pathway analyses are based on (a) published allowance for sea-level rise under the most reasonable Intergovernmental Panel on Climate Change (IPCC) scenario and isostatic rebound; and (b) sediment input scenarios based on shoreline management plans in the region (UK Government, 2006) . Six cases comprising three sea level rise and two sediment input scenarios are simulated (Table 4) Figure 11 shows the flood pathways analysed from these simulations. To isolate the influence of the open pathways in these simulations, it is assumed that the estuarine defences will not flood. This is based on the expectation that these defences will be raised to accommodate future sea-level rise (Environment Agency, 2012b) .
The node probabilities for pathways 1 to 7 are plotted in Figure 12 below for the most severe case (Case 6, Table 4 ) of a 0.5 m rise in sea-level and unknown sediment input.
All except two pathways -pathways 2 and 3 -remain dry even though most of the sea walls are flooded. This is due to the walls, walkway and railway line behind these sea walls that effectively act as secondary flood barriers. Though the sea walls in pathways 2 and 3 show less chance of being overtopped, they form critical flood pathways to the inland flood plain due to an absence of similar secondary flood barriers. Between the two, sea wall 1972 on pathway 2 shows higher flood probabilities.
Both sea walls are strongly influenced by the width of their fronting beaches. When sediment input is available, these beaches are wide and form effective flood defences for all sea-level rise scenarios. When this input is uncertain, the probability of a low beach width increases and consequently the probability of flooding at the sea walls also increases. The influence of beach widths becomes especially critical with rising sea levels. To illustrate the influence of sea-level rise on these pathways, the flood probabilities for all the nodes along pathways 2 and 3 are plotted against sea level in Figure 13 assuming 'unknown' sediment input. A considerable increase is observed in chances of sea wall flooding due to sea-level rise and a consequent increase in flood probabilities at the inland nodes of both pathways.
Discussion
The Bn model shows that the critical flood plain elements for the Teignmouth network are limited to a few coastal elements that influence overtopping rates and hydraulic connectivity. While this may be straightforward to deduce from the information gathered during model construction, the model itself provides a structured way in which to combine and quantitatively assess information across all the flood plain nodes. The quasi-2D SPR is constructed following consultation with local coastal engineering and flood risk experts. The quasi-2D SPR is developed as a participatory model, to encapsulate a shared, comprehensive description of the expert, technical and historical knowledge of this coastal flood plain. The flood plain description for Teignmouth can be improved by extending the participatory approach to include ecologists, land use planners and other local stakeholders as has been done for other coastal regions and through further discussion and calibration of its outputs with local experts and other stakeholders.
In comparison to a bath tub model, the Bn model can provide improved representation of flooding through incorporation of elevation, hydraulic connectivity and nodespecific flood propagation relationships while remaining relatively quick to develop and run. The Bn model is capable of handling a variety of node descriptions and flood propagation relationships. Specific pathway elements that can significantly influence flood propagation such as secondary barriers behind the sea walls are also easily included and their effects quantified with this model. Knowledge gaps and uncertainties, such as the limited information on sediment input and beach width, are shown to have a large influence on overtopping rates and flood extents. Bn model nodes are derived from the quasi-2D SPR system diagram which uses a vector mapping process. Choices about the network structure, node descriptions and node resolutions therefore depend on the scale and objective of the study. Narayan et al. (2012b) provide a discussion of the influence of scale on quasi-2D SPR models. In the Teignmouth case study, the scale selected is appropriate to the size of the local flood plain with the aim of providing an overview of the structure of likely flooding events. While it does not quantify the uncertainties introduced by the spatial averaging of elevation, the Teignmouth case study provides support for the validity of the Bn model through testing its network structure, node descriptions and node discretisation intervals. The network structure is tested by comparing flood extent results with the EA IFM. While the Bn model resolves some network elements less precisely, such as the central urban flood plain, it performs better than the EA IFM in representing the absence or presence of hydraulic connectivity between nodes. Improvement to the resolution of the Bn model would require more detailed node definitions, making the network more complex and its construction more cumbersome. Although the vector-based approach appears cruder, a great advantage is that it does allow the inclusion of intricate but essential features that could not be resolved in raster models without significantly increasing their resolution. These include elements such as linear sea walls, flood barriers, railway lines, etc., all of which critically affect hydraulic connectivity. Also, the Bn model is more flexible in the manner in which it can represent This Bn model has been used here in an unconventional manner. Bn models are typically employed to derive the forward estimation of probability from statistical data (e.g. Peng and Zhang, 2012) . Here the approach uses well established and empirical relationships to estimate flood propagation probabilities. Where nodes with more than two states are required, such as the representation of water levels corresponding to specific events, the discretisation of nodestate intervals becomes critical. For instance, lumping two water levels within the same node-state interval will not allow the Bn model to distinguish between them when sampling. The upper and lower bound values of these nodes should also be chosen carefully. Bn models assume that there is a zero probability of a node taking a value outside its defined range. This limitation is addressed by using conservative upper bound values that are not expected to be exceeded. For this reason, the quasi-2D SPR and Bn model are constructed for the maximum expected coastal flood event. A related limitation of the model is that it does not account for feedback relationships in case of an event outside the expected range. For instance, it is possible, though unlikely, that an extreme estuarine water level could flood the entire network up to some of the open coast sea walls, and vice versa. The Bn model's network is a 'directed acyclic graph' -which means that feedback loops are not permitted. This issue could be addressed using a dynamic Bn model. A simpler option is to consider all the inland nodes to be flooded if the input water levels exceed a specified threshold.
In this work, we have only considered coastal flood sources. As with other estuarine locations, flooding in Teignmouth could be exacerbated by fluvial and/or pluvial events. This could increase water levels in the estuary and increase the flood plain extent, adding new flood pathways. This Bn model uses five flood source nodes at different locations along the estuary and open coast. However, the flood water level associated with each of the five sources is the same sum of surge, tide and sea-level rise components. Additional information on fluvial events from the Teign estuary can be readily incorporated by the addition of a fluvial water level component to the estuarine sources. In the case study, the water level nodes are discrete values corresponding to discrete events. Information on probability distributions of water levels can be included at these nodes for a more comprehensive description of flood probabilities. The case study also does not assess flood depths or flood impacts to pathway elements. The ability to include information on the state of a flood plain node or the health of a flood defence node will be a useful extension to the model's capabilities in assessing flood pathways.
Conclusions
A Bayesian network model is developed for simulation of inundation pathways and probabilities in a coastal flood plain. The Bn model is derived from a quasi-2D SPR system diagram and facilitates inclusion of knowledge gained from a participative mapping process into coastal inundation analysis.
Together, the quasi-2D SPR and Bn models offer a tool that (a) provides a whole-systems overview of the flood plain; (b) encourages critical thinking about the flood plain system and the role of individual elements in flood propagation; and (c) identifies critical flood pathways and uncertainties. Collectively, the models help to gather and structure information about the flood plain in a manner that can inform and target further analysis, including more detailed numerical modelling, data collection campaigns and risk assessments.
The approach here is different from conventional use of Bn models, in that it uses network connectivity and basic flood propagation rules to provide an overview of likely flood event extents and assessment of the relative importance of flood pathways expressed as probabilities. It is constructed over only a few days for the town of Teignmouth in the UK, with a population of around 15 000 and a flood plain extent of 1 to 2 km 2 . Each simulation takes approximately 1 min on a standard personal computer and involves a total of 200 000 conditional probabilities across 50 network nodes. The case study demonstrates the applicability of the Bn model to coastal flood plains consisting of several network nodes and links and identifies the critical importance of a few particular coastal elements.
The case study and model do not estimate flood depths or flood impacts. The Bn model cannot be -and is not intended to be -a substitute for conventional 2D and 3D inundation models that assess these parameters. Rather, it provides rapid assessments of flood pathways to inform detailed numerical analyses. By including further node attributes, the approach could also be extended to allow assessment of flood impacts and their effects on future pathway states. Further work will focus on: comprehensive representation of pathway element states, especially coastal defences; probabilistic representation of water levels and wave heights; and applications of this approach to urban coastal flood plains with a greater degree of hydraulic complexity. The approach could also readily be extended to situations that include fluvial and pluvial flood sources, the influence of sewer and drainage systems and infrastructurerelated flood plain elements. However, the utility of this approach remains its ability, in comparison to other approaches, to create rapid descriptions of flood plain networks which encapsulate expert knowledge. These representations incorporate the adopted EA SPR conceptual model philosophy. The method facilitates a reduction in system complexity that allows flood managers to get to the heart of their flooding problems before committing resources for detailed further analysis.
